FJELLSTROM, R.G., and . Walnut (Juglans spp.) genetic diversity determined by restriction fragment length polymorphisms. Genome, 37: 690 -700. The genetic diversity of 13 Juglans species was characterized using nuclear RFLPs. Allelic frequencies among 41 Juglans populations were determined at 19 RFLP loci by hybridizing single locus probes to walnut DNAs digested with the restriction endonuclease EcoRI or HindIII. A 10-fold difference in species heterozygosity levels was seen among species in different sections of the genus. Differentiation among conspecific populations varied over threefold between species. Genetic differentiation among conspecific east Asian populations was larger than that seen among east Asian species, while the opposite trend was seen for Western Hemisphere species. Taxonomic affinities were also indicated by these results, suggesting that J. cinerea should be included as part of section Cardiocaryon rather than as a unique section, Trachycaryon. Juglans hindsii is classified as a distinct species and not a subspecies of J. californica. Strategies for germplasm preservation and species requiring marked collection efforts are given.
Introduction
The genus Juglans L. is made up of 21 species of longlived deciduous trees that produce large woody-shelled nuts. Juglans has been divided into four taxonomic sections as described by Manning (1978) : (i) section Cardiocaryon Dode (the east Asian heartnuts) with three species, J. ailantifolia Carr., J. mandshurica Maxim., and J. cathayensis Dode; (ii) section Rhysocaryon Dode (black walnuts) of North, Central, and South America and the West Indies with 16 species; (iii) section Dioscaryon Dode with one species, J. regia L. (Persian walnut) distributed from southeastern Europe to the Himalayan mountains; and (iv) section Trachycaryon Dode ex Mann. with one species, J. cinerea L. (butternut) in eastern North America. Juglans species are monoecious, with separate male and female inflorescences, and outcrossing owing to heterodichogamy with wind pollination (Manning 1978; Gleeson 1982) .
The majority of Juglans species are represented only by native populations, but selected cultivars and breeding lines utilized for commercial production have been developed from J. regia, J. nigra L., and J. cinerea. Juglans regia cultivars are grown primarily for nut production as varietal clones (McGranahan and Leslie 1990) . Juglans nigra is Printed in Canada 1 I m p r~m t au Canada grown for timber and nut production from both clones and selected populations (Beinecke 1983; Funk 1970) . Selected cultivars have also been developed from J. ailantifolia, J. cinerea, J. cathayensis, and J. mandshurica (McDaniel 1979) . Wild walnut species are valuable sources of nuts and shelter for wildlife (Vines 1960; Elias 1980) . Despite their importance in native habitats and widespread commercial utilization, there has been limited information developed about the extent and nature of genetic variation in these species. Loci involved in the expression of heterodichogamy (Gleeson 1982) and virus resistance (McGranahan and Leslie 1990) have been described, but the majority of phenotypically scored traits have unknown genetic and environmental components. Isozyme loci for four enzyme systems (glucose phosphate isomerase, aspartate amino transferase, phosphoglucomutase, and esterase) were described by Arulsekar et al. (1985 Arulsekar et al. ( , 1986 . Rink et al. (1989) studied outcrossing in J. nigra using isozyme loci for six enzyme systems (aconitase, alcohol dehydrogenase, aspartate amino transferase, 6-phosphogluconate dehydrogenase, fluorescent esterase, and phosphoglucomutase).
Prior research by Arulsekar et al. (1985 Arulsekar et al. ( , 1986 ; S. Arulsekar personal communication, D.E. Parfitt, personal observation) Genome Downloaded from www.nrcresearchpress.com by Wageningen UR on 07/13/12
For personal use only. (Kesseli et al. 1991 , Lubbers et al. 1991 , RFLP markers identifying codominant single copy walnut loci were constructed to study the genetic variability in walnut species. Nineteen RFLP loci were used to characterize the genetic variability among 4 1 populations of walnuts comprising 13 Juglans species. RFLPs have been successfully employed to study genetic diversity among cultivated and native species accessions in a broad range of herbaceous, primarily annual, plant species (Miller and Tanksley 1990; Brummer et al. 1991; Chase et al. 1991; Kesseli et al. 1991; Wang et al. 1992 ).
Materials and methods

Plant materials
Leaves were collected from 41 populations of 13 walnut species (Table 1) The J. mollis and especially the J. olanchana accessions probably represent the available variation for these species since only a few populations of limited distribution exist. Additional collections were also obtained from J. nigra and J. cinerea seedlings at NCGR greenhouses in Davis, California; as fresh leaves from NCGR Corvallis, Oregon (J. cinerea cultivars); and as fresh leaves collected directly from Southern California field sites for J. californica.
Genotypes within species were sampled with two different methods. Populations with one to four plants were sampled individually. Populations with 6-12 plants were initially sampled individually (2 or 3 plants) and a bulk sample was collected from the remaining population (4-9 plants), with each plant contributing equal amounts of fresh weight to the total sample. Samples were bulked to assay as many population members as possible, while selected plants were analyzed separately to identify typical RFLP genotypes within a species.
Leaves were ground in liquid nitrogen and stored frozen at -70°C before isolation of DNA by a modification of the method of Doyle and Doyle (1987) . Five grams of frozen leaves were added to 20 mL of 60°C preheated 2X CTAB buffer (2% CTAB, 1 % PVP, 1 % P-mercaptoethanol, 0.1 % sodium bisulfite, 1.4 M NaCl, 50 mM Tris, 20 mM Na EDTA, pH 8.0), and incubated at 60°C for 30 min. The aqueous solution was extracted with 20 mL 24:l chloroform -isoamyl alcohol, centrifuged 10 min at 1800 rpm in a bench-top centrifuge at 25"C, and the aqueous layer retained. Fifteen millilitres isopropanol was added to precipitate the nucleic acids. The precipitate was spooled and washed in 76% ethanol with 10 mM ammonium acetate. The nucleic acid precipitate was air-dried overnight, rehydrated in 1 mL TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0), digested with 10 I J .~ RNase at 37°C for 1 h, and ethanol precipitated. The DNA precipitate was washed in 75% ethanol and dried overnight before rehydration in 200 IJ.L TE (pH 8.0). The DNA was quantified spectrophotometrically at 260 nm and visually in a 0.8% agarose gel stained with ethidium bromide containing lambda phage standards, with approximately 25 kg/rnL DNA (1.0 A at 260 nm; 1 A = 0.1 nm).
RFLP detection
Six micrograms of walnut DNA was digested with 30 U of EcoRI or HindIII for 6 h and electrophoresed in 0.8% agarose with 1 X TAE (45 mM Tris-acetate, 1 mM EDTA, pH 8.0) buffer for 18 h at 0.7 Vlcm. Gels were stained with ethidium bromide to visualize the DNA and transferred (Southern 1975) to 150 X 150 mm nylon membranes (Nytran, Schleicher & Schuell). Membranes were rinsed in 2X SSC (1 X SSC = 0.15 M NaCl, 0.0 15 M Na citrate, pH 7.0), dried 2 h in a 65°C oven, and stored dry at room temperature. Membranes were trimmed to 140 X 150 mm, loaded into 30 X 300 mm hybridization bottles, prehybridized for 1 h, and hybridized for 16-20 h at 65°C according to the method of Church and Gilbert (1984) . Thirty nanograms of insert DNA from 19 single locus walnut probes, pFPO1, 02, 03, 04, 06, 11, 15, 17, 18, 24, 25, 26, 32, 34, 43, 45, 48, and 67 (Fjellstrom and Parfitt 1994) , were 3 2~ radiolabelled by random priming (Feinberg and Vogelstein 1983) , denatured by boiling and rapid cooling, and added directly to each hybridization tube. Following hybridization, membranes were washed 2 X 15 min in 2X SSC, 0.1 % SDS at room temperature, 2 X 15 min in 1 X SSC, 0.1 % SDS at 45"C, and 1 X 30 min in 0.5 X SSC, 0.1% SDS at 65"C, rinsed in 2X SSC, blotted on paper towels, and autoradiographed on X-OMATAR film (Kodak) at -70°C using Cronex (DuPont) intensifying screens for one to 5 days. Blots were stripped by soaking in 5 mM Tris (pH 8.0), 0.5 mM EDTA (pH 8.0), 0.01 X Denhardts solution, 0.05% Na pyrophosphate at 65°C for 30-60 min, rinsed in 2X SSC, and stored dry. Blots were reprobed 5-10 times.
Genetic analysis
Allelic genotypes were scored for the codominant single-copy loci identified by probes pFP02, 03, 06, 15, 17, 18, 24, 26, and Genome Downloaded from www.nrcresearchpress.com by Wageningen UR on 07/13/12
For personal use only. (Fig. '1' and J . o,lanchana to 2.11 for J. cinerea (Table 2 ). The numThe percentage of total integrated optical density for each RFLP band was determined and converted into estimated allele freper locus was generally proportiona1 the quencies. Allelic bands frequently did not demonstrate equal percentage of ~o l~~o r~h i c loci, ranging from 10.5% for autoradiographic intensity, as determined from heterozygous J. neofropica and J. olanchana to 73.7% for J. cinerea, and population members isolated individually within populations. averaging 32.8% for all species (Table 2) . Estimates of ~hkrefore, the average autoradiographic intensity for kach band was determined by analyzing single individuals and used to convert bulked population RFLP band intensities into population allele frequencies. Allele frequencies were rounded off to values representative of the population being analyzed (e.g., the possible allele frequencies for a population of five individuals range from 0 to 100% in increments of 10%). Allele frequencies for larger populations were computed using individual genotype data combined with bulked gene frequency data, while only individual genotype data was used for smaller populations where population sizes did not justify using bulked samples. Allelic frequency analysis of RFLP loci was performed using BIOSYS-1 (Swofford and Selander 1989) to generate genetic identity matrices, perform average linkage UPGMA (Sneath and Sokal 1973) cluster analysis based on Nei's genetic identity (Nei 1972) , and calculate Wright's population structure F statistics (Wright 1969) .
Results
A total of 117 alleles were detected at the 19 RFLP loci for an average 6.16 alleles per locus (Appendix). Every locus displayed at least one polymorphism among the 13 species. species heterozygosity levels (HT), based on gene frequencies in Hardy-Weinberg equilibrium, ranged from 0.023 for J. neotropica to 0.224 for J. cinerea with an average value of 0.108 (Table 2) .
FsT measureme'nts of the differentiation among populations within a species had values from 0.000 for J. neotropica and J. olanchana to 0.384 for J. cinerea. Among the North American species, J. californica, J. major, J. microcarpa, and J. nigra (representing the most completely sampled species) have similar heterozygosity levels but have different degrees of genetic variation among populations within species (FsT = 0.060, 0.104, 0.0139, and 0.157, respectively). Even though J. cinerea appears to be the most polymorphic species, a substantial proportion of the variation is found only in the North Carolina (NC) population. This population has the highest heterozygosity levels of any population (Hs = 0.289) and its variability accounts for the high degree of population differentiation in this species. When this population is excluded from the analysis, and the remaining J. cinerea populations are analyzed, dramatic decreases in Genome Downloaded from www.nrcresearchpress.com by Wageningen UR on 07/13/12
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Differentiation can also be analyzed among species within two sections of Juglans. The Asian heartnut species of section Cardiocaryon have a large proportion of genetic differentiation at the population level (Fpoplspecies = 0.287) and little at the species level (Fspecie,section = 0.022). The black walnut species of section Rhysocaryon have a different pattern of differentiation, lower at the population level -(FpopI,pecies = 0.135) and higher at the species (Fspecieslsection -0.696).
Cultivated selections of J. cinerea and J. nigra were also analyzed for their genetic variability. The six J. cinerea cultivars had relatively low heterozygosity (Hs = 0.088) and genetic differentiation (FsT = 0.048) among cultivars, while the 10 J. nigra cultivars had moderate levels of heterozygosity (Hs = 0.11 1) and genetic differentiation (FsT = 0.1 18).
Genetic identity values (Nei 1972) among the 41 Juglans populations were subjected to UPGMA cluster analysis (Sneath and Sokal 1973) , generating the tree in Fig. 2 . The separation of Juglans into three major groups, made up of sections Cardiocaryon/Trachycaryon, Rhysocaryon, and Dioscaryon, is readily seen. The species of section Rhysocaryon are well defined, as seen by the large proportion of conspecific populations found clustered together. One population of J. microcarpa was clustered with J. nigra populations rather than the other populations of J. microcarpa. This was the smallest population of J. microcarpa (with n = 2) and random sampling could have selected more of the predominant J. nigra alleles rather than J. microcarpa alleles when the proportions of shared alleles at a locus was different for these two closely related species. The species of section Cardiocaryon were poorly delineated, with many populations from different species found more closely associated with each other than with their own conspecific populations. Although small population sample size could explain some of these results, even the larger-sized populations were found intermixed among these Asian species. Juglans cinerea of section Trachycaryon clustered with the section Cardiocaryon species, with the NC J. cinerea population clustering closer to section Cardiocaryon than its other conspecific populations. Section Dioscaryon, with J. regia, is separated from the other sections.
There is certainly a loss of information when individuals are bulked to estimate gene frequencies, as had been done here for four to nine members of larger populations. The percentage of heterozygous individuals in bulked populations can only be estimated using allelic frequencies by assuming Hardy-Weinberg equilibrium exists within the population sampled, since heterozygotes can not be directly detected. In the 141 cases where polymorphism was detected in either a bulked population or one of its individual members sampled separately, 46.1 % of the cases showed the expected number of heterozygotes to be equal to the number of observed individual heterozygotes, 28.4% had more observed heterozygotes, and 25.5% had less observed heterozygotes would be expected from a normal distribution. There was no evidence for directional selection. Variability in the amount of DNA yielded by different members bulked together could also alter the estimated gene frequencies. Observations on the variability of DNA yield from individual members of the same population show that the 34.8% coefficient of variation (CV) for DNA yield is relatively high. Additional error in allele frequency estimation could result from RFLP band autoradiographic signal intensity variation. Despite the lack of precision involved in estimating allele frequencies, similar patterns of genetic diversity and identical cluster analysis groupings resulted when we analyzed individual data alone as compared with analyzing the combined bulk and individual population data (results not shown). Uniformly larger values of population differentiation were seen across the majority of the species when only individual data was analyzed, a result consistent with the findings of Gorman and Renzi (1979) .
Discussion
This research demonstrated that RFLPs are suitable characters for analyzing the genetic diversity within and among populations and species of this widely distributed woody plant genus. As expected in outcrossing species, heterozygosity within populations was common and intraspecific population differentiation was reduced. Although the levels of heterozygosity appear low compared with other studies based on isozyme data, the comparative degree of heterozygosity can be adjusted to that of isozyme studies where diversity is reported from data on polymorphic loci alone (as opposed to both monomorphic and polymorphic loci). When this adjustment is made (by dividing HT by the proportion of polymorphic loci), these walnut species have an average heterozygosity of 0.338, which is actually greater than the heterozygosity values cited by Loveless and Hamrick (1984) for species classified as wind pollinated, monoecious, and long lived, with heterozygosities of 0.250, 0.224, and 0.221, respectively, for isozyme loci. The high level of RFLP heterozygosity in walnut could well be attributed to RFLP loci detecting more variation than isozyme loci, which has been demonstrated in both outcrossing and inbreeding species (Kesseli and Michelmore 1986; Kesseli et al. 1991; McGrath and Quiros 1992) . Diversity among populations (measured by FsT) only accounted for 13.9% of individual species diversities, which is typical for the range seen in species with similar reproductive biology (Loveless and Hamrick 1984) . This measure of diversity is generally similar for isozyme and RFLP data (Kesseli and Michelmore 1986; Kesseli et al. 1991; McGrath and Quiros 1992) , which is expected since this statistic is unaffected by the proportion of polymorphic loci detected. The range in variation among FsT values in this study can be ascribed to small sample sizes, ecological parameters, or extremes in genetic diversity. Small population size most likely gave rise to the extreme FsT values for J . calhayensis, J . mollis, J . mandshurica, J. neotropica, and J. olanchana. Juglans mandshurica and J. cathayensis could also have uncharacteristic FsT values because of artificial selection forces (e.g., as would be seen in progeny from botanical garden introductions). Certainly, greater population sizes and more populations would be needed to obtain more accurate diversity estimates for these species.
The difference in FsT values among J. califomica, J. major, and J. microcarpa and J. nigra can be understood from a consideration of the geographic ranges and distribution of these species. Juglans californica occupies the smallest geographic range among these species. Lower FsT values may be due to a lack of differentiation occurring within its small Genome Downloaded from www.nrcresearchpress.com by Wageningen UR on 07/13/12
For personal use only. (Nei 1972 ) among 41 Juglans populations from 13 species. To the right are population specieslnumber designations (from Table 1 ) and the taxonomic Juglans sections to which they belong (C, section Cardiocaryon; T, section Trachycaryon; R, section Rhysocaryon; D, section Dioscaryon). probably reduced genetic differentiation among populations of this species. The southwestern species of the United States, J. major and J. microcarpa, have the largest FsT values, which can be explained by the disjunct distribution of these species. These species exist as isolated populations separated by mountains, desert, or prairie, which resulted in greater differentiation occurring among populations in separate habitats with limited gene flow between them.
The high degree of differentiation in J. cinerea is attributable to the highly variable North Carolina population. Genome Downloaded from www.nrcresearchpress.com by Wageningen UR on 07/13/12
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Sampling more J. cinerea populations throughout its range will indicate whether this population or the less diverse Illinois and Vermont populations, on the extreme north and west margins of the range, are more typical of this species. Juglans cinerea has been devastated throughout all but its northernmost range from butternut canker disease, caused by Sirococcus clavigignenti-juglandacearum (Orchard et al. 1982) . If J. cinerea has minimal diversity it could be highly genetically vulnerable and could become extinct. Cultivated selections of J. cinerea had notably low levels of genetic differentiation among themselves. Cultivars had moderate levels of heterozygosity, below that of the total species but greater than that seen in the lllinois and Vermont populations. Low diversity could explain why J. cinerea cultivars are uniformly susceptible to butternut canker.
The low genetic differentiation within J. hindsii, as well as its low heterozygosity levels, could be due to a lack of genetic diversity resulting from a genetic bottleneck if the entire species was founded by one or a few small populations (McGranahan et al. 1988) . The cultivated selections of J. nigra have higher heterozygosity and differentiation levels than the wild accessions tested. This increased heterozygosity could be the result of selection for increased vigor, which could have also created greater genetic differentiation or a disjunct population structure.
The two J. regia populations had high levels of heterozygosity and moderate levels of genetic differentiation, as is characteristic for cultivated genotypes of this species . Only two J. regia populations were included as these were the only ones available that could be considered "wild" populations comparable with the other Juglans undomesticated populations studied.
The cluster analysis of genetic identity estimates (Nei 1972) show that the Asian species of section Cardiocaryon are more closely related to each other than the American species of section Rhysocaryon. Although morphological differences are seen between J. ailantifolia, J. cathayensis,J. hirsuta, J. jamaicensis, J. pyriformis, and J. venezuelensis (McGranahan and Leslie 1990) for which no collections have been made.
